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Abstract 

Wc examine the implications of the recent CDF measurement of the top-quark forward-backward 
asymmetry, focusing on a scenario with a new color octet vector boson at 1-3 TeV. We study several 
models, as well as a general effective field theory, and determine the parameter space which provides 
the best simultaneous fit to the CDF asymmetry, the Tevatron top pair production cross section, and 
the exclusion regions from LHC dijet resonance and contact interaction searches. Flavor constraints 
on these models are more subtle and less severe than the literature indicates. We find a large region 
of allowed parameter space at high axigluon mass and a smaller region at low mass; we match the 
latter to an SU{3)i x SU{3)2/SU{3)c coset model with a heavy vector-like fermion. Our scenario 
produces discoverable effects at the LHC with only 1 — 2 fb~^ of luminosity at ^/s = 7—8 TeV. 
Lastly, wc point out that a Tevatron measurement of the &-quark forward-backward asymmetry 
would be very helpful in characterizing the physics underlying the top-quark asymmetry. 



1 Introduction 



CDF recently announced a 3.4o" deviation from the Standard Model (SM) in a measurement of the 
tt forward-backward asymmetry [Ij . Their study updates previous analyses that observed deviations 
of roughly 2(7 |2i[3j, but they also go further, demonstrating that the tt asymmetry is dominated by 
events with large invariant mass M^f. This rise in the asymmetry at high energy could be interpreted 
as further evidence of a new physics signal characterized by energies at or above the weak scale. In 
this work we will investigate explanations of the asymmetry based on new physics [1| [5] [6l [71 13 [9] , 
examine what can be done next at the Tevatron and the LHC to either rule out or confirm as well as 
characterize models that explain the anomaly. 

An important first question is whether we should consider models that are wholly responsible for 
the asymmetry, or models where interference between new physics and QCD generates the asymmetry. 
After unfolding their acceptance, CDF observed [li a parton-level asymmetry A^p^ = 0.475 it 0.114 
in tt events with M^j > 450 GeV and in the tt center of mass frame (see Table [T]), compared to the 
SM prediction of A^^(SM) = 0.088 it 0.013. This is a large effect. If new physics alone generates the 
forward-backward asymmetry, a straightforward interpretation of these numbers suggests that new 
physics must be responsible for roughly half of all tt production above 450 GeV, even in a scenario 
where the new physics yields a maximal forward-backward asymmetry! However, a new heavy particle 
produced in the s-channel will have to contend with searches for resonances and contact interactions 
at both the Tevatron and the LHC [9]. For this reason, we will focus on models where the new physics 
interferes with QCD to produce the asymmetry, allowing for a smaller total contribution to production 
rates from new physics. 

In order to interfere with SM top production, new physics processes must produce tt pairs in a 
state with the same quantum numbers as in QCD production. This means that the tt must form a 
color octet, Lorentz vector state, so if there is a new particle in the s-channel coupling to tops, it must 
be a heavy color octet vector bosorj^ Such a 'heavy gluon partner' G' can arise in a wide variety 
of models [lOj, including top-color models [II][l2], technicolor [I^, warped extra dimensions [TljfTS]. 
universal extra dimensions [16] and chiral color |17j|18j[T9]. As we will discuss below, G' particles are 
constrained by flavor physics and collider searches, although we disagree with some exclusion claims 
in the literature. For convenience we will present a phenomenological low-energy effective field theory 
and some simple coset models, and we will ignore the issue of anomaly cancellation. Throughout we 
will use the term 'axigluon' as a shorthand for 'color octet vector boson'. 

^In principle, colored particles with spin > 1 might also interfere off-shell, but roughly speaking, this is due to the 
contribution of the vector particles they 'eat' to become massive. 
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Selection 


Mu < 450 GeV 


Mu > 450 GeV 


Parton Level Data 


-0.116 ±0.146 ±0.047 


0.475 ±0.101 ±0.049 


Selection 


\Ay\ < 1.0 


\Ay\ > 1.0 


Parton Level Data 


0.026 ±0.104 ±0.056 


0.611 ±0.210 ±0.147 



Table 1: Unfolded parton level data for Ap^ from the CDF study [T]. 



New physics produced in the t-channel [6] could also generate a substantial forward-backward 
asymmetry. Naively, one might imagine that a t-channel contribution would not rise with energy, but 
in fact t-channel physics produces a large energy dependence that might fit the CDF results nicely. 
However, producing tt pairs via a new t-channel process generates non-trivial flavor issues; moreover, 
new t-channel effects already have significant tension with Tevatron data as they give rise to a large 
number of like-sign top pairs [6j. Since the LHC is a pp collider, a new t-channel state could be 
discovered soon by searches for like-sign tops. We will not discuss these models any further here. 

Future studies at both the Tevatron and the LHC could shed light on the nature of the tt asym- 
metry. The Tevatron could provide a great deal of insight into the physics responsible for the ti 
asymmetry by studying a potential bb asymmetry, using semi-leptonic b decays to tag the sign of 
5-jets. If the heavy color octet G' has large enough couplings to generate a sizable asymmetry, it 
should be visible in dijet resonance or contact interaction searches this year (with 1-2 fb"^ of lu- 
minosity) at the LHC. In fact, we will see below that a sizable portion of the possible parameter 
space has already been excluded by the LHC! Measurements of the tt production cross section are 
also sensitive to new physics, and a new G' could be discovered as a resonance decaying to tt. Fixing 
the new physics contribution to A^p^' ^^^^ that dijet and tt searches are complementary, as the 
product of the G' coupling to light quarks and tops must essentially be held fixed to account for the 
asymmetry. Whatever the verdict, in all likelihood new physics explanations for the asymmetry will 
be much better understood after the next year of operations at the LHC. 

The rest of this paper is organized as follows. Section 2 introduces an effective field theory for a 
heavy color octet vector boson and then discusses various collider bounds that constrain it. In Section 3 
we introduce specific coset models for G' , and define the parameter space for each model that provides 
a fit to the CDF asymmetry data at 90% and 95% C.L. We also show how the constraints from 
other collider data (uff, dijet resonance, and dijet contact interaction searches) impact this parameter 
space. In Section 4 we explore the contributions in the flavor sector from our models and show that 
meson mixing does not necessarily restrict the relevant parameter space. Section 5 delineates various 
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signatures of the heavy color octet at the LHC. Lastly, Section 6 contains our conclusions. 



2 An Axigluon? 

Our goal is to examine if a new color octet vector boson G' can explain the discrepancy in the 
recently measured ti forward-backward asymmetry. To this end, let us begin with a general low- 
energy effective Lagrangian coupling G' to the SM quarks. To suppress dangerous FCNC effects it 
will prove advantageous to assume universal vector and axial couplings to the first two generations, 
gy and g\, while the couplings to the top quark and bottom quark will be gy and g\. For convenience 
we have rescaled these couplings in terms of the strong coupling gg. The tree- level differential cross 
section for qq — )• ti will be [201 E] 



da'??^** 2 7r\/l - 4m2 

— a„ 



dcosO* " 9s 



. 4 2 , 2^ 2g^ygl,s{M^, - s) g^jg^ + gY)s^ 



. q t f S(M^, - S) g J \ 



where = m^/s, c = \/l — cos ^* , and 0* is the angle between the top quark and the incoming 
quark in the center of mass frame. The forward-backward asymmetry arises solely from the last line 
in this equation, so to obtain a positive asymmetry we must have 5^5^ < 0. 

We will be considering Mq/ > 1 TeV, so at the Tevatron we have s < Mq, over most of the 
support of the parton distribution functions. In this limit the interference term between the QCD 
and resonance contributions dominates over the pure resonance term, and we expect the following 
qualitative features: 

• the asymmetry is directly proportional to (—5^5^) 

• relative to the pure QCD cross section, the asymmetric term grows oc s, so the asymmetry will 
grow with the invariant mass squared 

• the total ti cross section at low energies will decrease with increasing gygy. 

Additionally, we see that the sign and magnitude of gygy determine the behavior of the asymmetry at 
high energies, and that for larger gygy, our qualitative discussion based on the parametric expansion 
in s/Mqi breaks down more quickly. 
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Axigluons face constraints from flavor-changing neutral currents (FCNCs), from tt resonance 
searches, and from measurements of the total cross section. Furthermore, any axigluon that couples 
to qq is subject to constraints from dijet resonance and dijet contact interaction searches - not just at 
the Tevatron but at the LHC! As we will see, the strongest constraints on our models will come from 
the LHC, and the prospects of a discovery or a definitive exclusion this year are extremely good. This 
is striking proof that we have entered the LHC era! 

Before considering the details, note that at least qualitatively, once we fix g\g\, the tt and dijet 
constraints will be orthogonal. Licreasing 1(7^(7^1 increases the asymmetry, but eventually one runs 
afoul of constraints; one might avoid altering the it cross section by increasing (7^(7^, but only at 
the expense of decreasing the asymmetry itself. Now let us discuss the restrictions from the tt cross 
section and the dijet searches; we will leave a discussion of flavor to Section |4j 

2.1 The tt Cross Section 

Theoretical predictions |21J of the tt cross section have been verified at the Tevatron |22) . An axigluon 
will modify both the total tt cross section and its shape as a function of the invariant mass M^j, 
so Tevatron tt measurements restrict axigluon models. However, we cannot set a precise constraint 
without a more detailed understanding of the experimental and theoretical details. The current ti 
resonance searches at the Tevatron [23] [21] [25] |26j |27j have not set a limit on a possible resonance with 
mass beyond ~ 800 GeV due to a lack of statistics in their published analyses. 

In our analysis below, we will display contours corresponding to an axigluon contribution of 20% 
and 40% to the total QCD tt cross section for M^i > 450 GeV. These contours should be viewed as a 
suggestion of the Tevatron sensitivity, and not as hard bounds. One might instead consider using a 
larger cut on the top invariant mass. This would result in a larger relative axigluon contribution to the 
cross section, but would compete with the uncertainties on the QCD cross section which grow rapidly 
at higher invariant mass. After some experimentation, we chose this Mii > 450 GeV requirement as 
a reasonable and conservative compromise between these two factors. 

For illustrative purposes, we show the M^i distributions in the upper panel of Fig. [T] With the 
exception of the magenta line, the other curves on the histogram represent a 1 TeV axigluon. For 
the red(blue) lines, the coupling of the axigluon is of QCD strength and F/M = 0.1(0.2) has been 
assumed. For the green(cyan) histogram, the coupling strengths of the axigluon have been doubled 
and now F/M = 0.4(0.8) has been assumed. One can see that a 1 TeV axigluon with a narrow width 
will appear as a tt resonance. 
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2.2 Dijet Resonance Searches 

CMS recently performed a search for narrow dijet resonances [28] , employing an integrated luminosity 
of 2.9 pb-^ This search has ruled out colorons and axigluons (with couplings gy = 1 or = 1 
respectively, in our notation) in the mass intervals 0.50 < Mqi < 1.17 TeV and 1.47 < Mqi < 1.52 TeV. 
In the narrow width approximation the production cross section for qq ^ G' ^ qq is 

a X BRjqq ^ G' ^ jj) ^ 6 2 , 2^ + + W + \9a\') 

a X i?i?(coloron) 5 ^'^^1 + 1^^' ^ 4(|ff^|2 + j^^P) + 2(|4|2 + j^^p) ' ^ > 

where we have related it to the cross section for a coloron with coupling gg, and we have assumed an 
identical coupling to bottom and top quarks. Using the CMS 95% C.L. exclusion upper limit on dijet 
resonance production, a x A (where A is the acceptance), for the qq initial state and then rescaling 
the cross sections of colorons and axigluons in Figure 4 of Ref. [28| , we can estimate the corresponding 
dijet resonance constraints j29j . 

The dijet resonance searches are based on the narrow width approximation, so they do not constrain 
axigluons with large widths. To give an idea of when the resonance has become too broad for this 
search, in the lower panel of Fig. [l] we show a sample of LHC dijet invariant mass distributions for the 
signal and QCD background. As one can see from this figure, for T/M ~ 0.1 (the red line) the signal 
shows a bump-like feature on top of the QCD background (the black line). However, for T/M > 0.2 
(the blue line) the bump is much less visible. We will thus assume in what follows that the narrow 
resonance search becomes inapplicable when T/M > 0.2. 

2.3 Dijet Contact Interaction Searches 

Searches for quark contact interactions can be sensitive to broad axigluons via dijet angular distri- 
butions. This follows because LO QCD dijet production is dominated by f-channel Rutherford-like 
scattering. For a small production angle 6* in the center of mass frame, the QCD differential cross 
section behaves as da/dcos9* ~ l/sin^(0*/2). Defining the variable x = (1 + cos0*)/(l — cosO*) and 
considering the limit x ~^ co, one finds that da/dx ~ constant. On the other hand, the differential 
distribution for dijets arising from resonance production is not fiat in x but instead has a peak at 
small values of x- By comparing the corresponding shapes of the signal and background distributions 
in X: ATLAS has excluded LL quark contact interaction^ with a compositeness scale below 3.4 TeV 
at 95% C.L. [30] . To set corresponding limits on our model parameter space, we require that the 
new physics contribution plus the SM background not exceed the ATLAS data at 95% C.L. for their 

^The use of a left-left contact interaction is a common convention or benchmark; the limits on a L-R or R-R interaction 
would be similar in magnitude. 
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Figure 1: Upper panel: the axigluon contribution to the ti invariant mass distribution at the Tevatron. 
No t-quark branching fractions or reconstruction efficiencies have been employed. The magenta curve 
represents a model we will discuss later in Section |3.3| with parameter values 9 = 30° and Mc 
=1100 GeV. The black histogram is the QCD prediction whereas the red(blue) histogram assumes 
the existence of a 1.0 TeV axigluon with QCD strength couplings with T/M ~ 0.1(0.2). For the 
green(cyan) histogram, the coupling strengths of the axigluon have been doubled and now F/M ~ 
0.4(0.8) has been assumed. The CTEQ6.6M PDFs were employed. Lower panel: axigluon contribution 
to the dijet pair production cross section at the LHC assuming ^/s = 8 TeV and an integrated 
luminosity of L=5 fb^^ after applying the cuts \rjj\ < 0.5, pTj > 200 GeV and CMS detector smearing. 
All other four colored histograms are for a 1.5 TeV axigluon with the same T/M ratios as the upper 
panel. 
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chosen mass intervals 800 < rrijj < 1200 GeV and mjj > 1200 GeV. Only the first four ATLAS bins 
with 1 < X < 3.32 are included in this analysis, which we base on the optimized sensitivity to quark 
contact interactions given in Ref. [30]- As an example of this search in action, the constraints from 
dijet contact interaction searches are shown as the solid dark yellow line of Fig. [2j which refers to the 
effective field theory of section [2] 

The reader will notice that the contact interaction search always provides a tighter constraint 
on our models than the dijet resonance search. This follows because the narrow resonance analyses 
only examine the shape difference without subtracting QCD background, while the contact inter- 
action search has subtracted the QCD background and hence should constrain new physics more. 
Our constraints from dijet contact interactions are conservative because we neglected the NLO QCD 
correction. To have a more precise constraint, one should perform a NLO calculation as done in 
Ref. [3T]. 

2.4 Phenomenological Fit 

We first perform a model independent fit to Ap^ with one axigluon field, with a cross section given by 
Eq. ([l|. In this case, there are five parameters that describe the axigluon contributions to A^p^ and 
the tt production cross section. Listead of scanning all of this parameter space, we set 
in this section and only consider three parameters: Mq', g\ and which are most crucial for A^p^ 
when Mil <^ Mqi. As discussed above, a negative value for the product g\g')^ provides a positive 
contribution to Ap^. Therefore, we restrict the parameter space to > and g'^ < (the opposite 
choice would not change our discussion below). 

In the contours displayed in Fig. [2] we fix the ratio g\lg\. In the left panel, we choose g\ = —g\ and 
show the 90% and 95% C.L. fit with two shaded blue regions. The dark yellow solid line represents the 
constraint from dijet contact interaction searches. All parameter regions above and to the left of this 
line are excluded. The black dashed lines correspond to possible 20% and 40% axigluon contributions 
to the top quark pair production cross section, relative to that of the LO SM, for M^f > 450 GeV, 



as discussed in Section 2.1 The upper limit for (7^ in this figure is chosen so that the G' width does 
not exceed its mass. The right panel in this figure is similar to the left but now for 17^ = —l.bg\. As 
one can see from this figure, the low mass region is mostly ruled out by the dijet contact interaction 
searches, but a higher mass G' has plenty of parameter space. Concentrating on the high mass region, 
we next fix the G' mass and show the fit contour regions in Fig. [sj where the left (right) panel is for 
Mqi = 1.8(2.0) TeV. Comparing those two panels, one can see that more parameter space survives 
for a heavier G', which also has larger couplings and hence a larger width in the best-fit region. As 
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Figure 2: Left panel: the fit for the phenomenological model of Eq. [l|with g\ > 0, 5^ < 0, 5^* = and 
a fixed ratio g\l g\ = — 1 • The region above and to the left of the dark yellow solid line is excluded by 
dijet contact interaction searches; limits from the dijet resonance searches are weaker. Right panel: 
the same as on the left but now for g\/ g\ = —1.5. The two blue shaded regions correspond to a 90% 
and 95% CL fit to the data. 

an example, we show the fit results for A^^^ in Table [2] with Mqi = 2 TeV, 5^ = 2.2, (7^ = —3.2 and 

g'v' = 0. 

3 Axigluon Models 

In this section we will discuss three specific axigluon models that can be described in the language 
of dimensional deconstruction, or simply as coset models. The first and third are based on cosets 
[SU{3) X SU{3)]/ SU{3)c, while the second involves three SU{3) groups and two new color octet 
vector bosons. The third model differs from the first by the introduction of new vector-like quarks. 

These models have elementary motivations. The first is the simplest possible coset model that 
produces an axigluon mediated tt forward-backward asymmetry, but we find it is excluded by the 
ATLAS dijet contact interaction search [30]. The second model improves on the first by allowing for 
heavier and more strongly coupled axigluons, yet we will see that it is also excluded. The third model 
makes it possible to avoid the powerful dijet contact interaction search |30j by reducing the axigluon 
coupling to light quarks while increasing the axigluon coupling to ti, thereby keeping the asymmetry 
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Figure 3: Left panel: the fit for the phenomenological model of Eq. [ijwith > 0, 5^ < and gy = 0. 
The axigluon is assumed to have a mass of Mq^ = 1.8 TeV. The region on the right side of the dark 
yellow solid line is excluded by dijet contact interaction searches. Right panel: the same as on the left 
but now for Mq/ = 2 TeV. The narrow resonance dijet searches do not further constrain the parameter 
space. 

fixed. Since constraints on tt production are weaker and less precise than the constraints on dijets, 
our third model survives - although it will be tested at the LHC in the coming months! 

The models that follow provide calculable perturbative examples, but a more general theory such as 
our effective Lagrangian in Section [2] might be the best new physics explanation for the tt asymmetry, 
in which case the asymmetry may be the first hint of new strongly coupled physics. 

3.1 The Minimal Axigluon Model 

The simplest way to introduce another color octet vector boson is to extend the QCD gauge symmetry 
to the group 5?7(3)i x SU{3)2, which then spontaneously breaks to its subgroup SU{3)c- This spon- 
taneous symmetry breaking can be achieved by introducing a complex scalar field T, which transforms 
as a (3,3) under the SU{3)i x SU{3)2 symmetry with a non-zero VEV, (S) = ^ /s- There are only 
two parameters in this model and they can be identified as the axigluon mass Mc and the gauge 
coupling mixing angle 6. Here, we only consider < ^ < 45°, since the range 90° — 9 can be mapped 
into the region < ^ < 45° by fiipping the quark charges under SU{3)i and SU {3)2- Diagonalizing 
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Selection 


Mti < 450 GeV 


Mti > 450 GeV 


Parton Level Exp. Data 


-0.116 ±0.146 ±0.047 


0.475 ±0.101 ±0.049 


Model Prediction 


0.10 


0.31 


Selection 


|Ay| < 1.0 


|Ay| > 1.0 


Parton Level Exp. Data 


0.026 ±0.104 ±0.056 


0.611 ±0.210 ±0.147 


Model Prediction 


0.12 


0.40 



Table 2: The comparison of theoretic predictions and measured values for the phenomenological model 
with Mg' = 2 TeV, g\ = 2.2, g\ = -3.2 and gv = 0. The total is 5.5. 



the mass matrix of the two gauge bosons G'^ and Gg, we obtain the massless QCD gluon, 

G^' = cose G'^ + sine G'i, 

and the massive axigluon state, 



(3) 



G''^ = -sin^G^ ±cos0G^. (4) 
The mixing angle e is related to the gauge couplings of SU(?>)i x 5[/(3)2, hi and tan^ = /ii//i2. 



The QCD coupling is then given by gs 



hi cose = /i2 sine, and the mass of the axigluon is 
V2gs 



(5) 



V3sin26l 

The other degrees of freedom in S are assumed to be heavy for now, so we only have one new particle 
G'^ below the scale ~ 47r/s. 

In order to obtain an Ap^ with the correct sign, we need opposite signs for the axial-vector 
couplings of the axigluon to the light quarks and the top quark. To achieve this goal, we make the 
following assignments for the SM quarks under SU{3)i x SU{3)2- Ql, tji, bn as triplets of SU{3)i 
and {t, qr as triplets of SU{3)2 (see Ref. [32] for a similar setup). To cancel the gauge anomalies, 
additional colored particles are required and are assumed to be heavy in here. Here, "g" represents 
the first two generations of quarks. With these charge assignments, we find the vector and axial- vector 
couplings of G'^ to the SM quarks, re-scaled by the QCD coupling gs, to be 

1 , „ 1 



9'v 



9t 



9\ 



-9\ 



(6) 



tan 26* ' sin 2e 

Neglecting the quark masses (since Mg' will be at or above the TeV scale), the total decay width is 
found to be 

1 1 



r(GO = Wv? + bin + 2i\9U' + \9'a\')] = as Mg> , 2^ 



± 



sin^ 2e 



(7) 
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For 9 = 7r/4, one finds that the width to mass ratio of G' is T{G')/Mg' = ~ 10%. We also note 
that if G' has other decay channels, it could become a broader resonance, a possibility we will consider 
later. 

The interference term in qq — t- ti production between the s-channel gluon and G' contains a term 
linear in the cosine of the production angle of the t in the ti rest frame; this leads to a forward-backward 
asymmetry (see Eq. ([T]) and Ref. [7j). We perform a fit to the observed and unfolded parton- level 
four-bin data from Ref. [1], with the results being shown in Fig. [4| where the two blue contour regions 
correspond to the 90% and 95% confidence level, respectively. In our fit, we have neglected the NLO 
SM contributions to A*'p^ since we only include the leading order contribution from the new model; 
note that the radiative NLO SM asymmetry aligns with the asymmetry from the axigluon. The best- 
fit point is found to be at Mqi = 1041 GeV and 6 = 45° with /d.o.f = 5.3/2 for four bins, compared 
to = 24.2/4 for the SM tree-level only fit. The black dashed lines in Fig. |4| correspond to possible 
20% and 40% axigluon contributions to the top quark pair production cross section, relative to that 



of the LO SM, for M^f > 450 GeV, as we discussed in Section 2.1 



The axigluon couples to quark pairs with a coupling as strong as in QCD, therefore searches for 
possible dijet resonances |28j will further constrain the parameter space of the model, as discussed 
in Section |2.2[ We note that in the narrow width approximation the production cross section for 

— )■ G' — )■ qq is proportional to l^yp + Iff^P = cot^ 26 + csc^ 29 and that the branching fraction for 
G' decaying into jets is fixed to be 5/6. Hence, as 9 moves away from 45°, the production cross section 
increases and a stringent constraint can be obtained. Employing the CMS 95% C.L. exclusion upper 
limit on the dijet resonance production cr x A from qq initial processes and then rescaling the cross 
sections for colorons and axigluons from Figure 4 of Ref. [28J, we present the corresponding narrow 
dijet resonance constraints as the red dashed line in Fig. [4j Since these dijet resonance searches are 
based on the narrow width approximation, they will not constrain axigluons with large widths, as we 
saw with Fig. [T] 

Although a broad G' may survive the dijet resonance analyses, searches for quark contact inter- 
actions j30] via the dijet angular distributions can be used to constrain our model parameter space 
even when the G' is broad. The constraints from the dijet contact interaction searches are shown as 
the solid dark yellow lines of Fig. [4] The parameter space enclosed by these two lines is excluded 
by this search. One can see that all of the A^p^ preferred parameter space regions are now ruled 
out. Therefore, we conclude that the minimal axigluon model can not adequately explain the A^p^ 
asymmetry observed at CDF. 

One may wonder whether enlarging the width of the axigluon can help to evade these contact 
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Ma (GeV) 

Figure 4: The fit of the minimal two-site axigluon model to the observed A^p^ at CDF. The fom'-bin 
values of A^p^ corresponding to high and low rapidity and high and low invariant mass are included 
in the analysis. The best fit point has a /d.o.f. = 5.3/2 occurring at Mc = 1041 GeV and 
6 = 45°. The region enclosed by the red dashed lines is excluded by the dijet narrow resonance search 
at CMS [28] with 2.9 pb~^ luminosity. The region between the dark solid yellow lines is excluded by 
the search for diquark contact interactions from ATLAS [30] with 3.1 pb^^, so all of the preferred 
parameter space of this model has been eliminated. 



interaction constraints. There are many ways to make the axigluon broader by forcing the G' to decay 
into other modes. For instance, in Ref. |33j the axigluon G' can decay into two scalar color-octets 
(if they are lighter than G'), which belong to the other components of the S field. The scalar octet 
may further decay into two jets, so there are then four jets in the final state and the direct dijet 
searches become much less of a constraint. Without specifying a specific model, we study the effects 
of changing the G' width on the resonant dijet searches in Fig.js} In Fig.jsj we show the corresponding 
fitted results assuming the width/mass ratio of G' to be greater than 20% [if the width from Eq. ([T]) is 
greater than 20% of the mass, we use the width in Eq. ([T])]. Although the narrow resonance searches 
do not apply in this case, the dijet contact interaction searches still exclude all of the A^p^ preferred 
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Figure 5: The same as Fig. |4]but for Tq' /Mq' > 20%. The dijet resonance searches no longer constrain 
this model. 

parameter space region. Therefore, we must consider other extensions of the two-site axigluon model. 
3.2 A Simplified Three-Site Model 

One way to extend the minimal single axigluon model is to include an additional color-octet gauge 
boson. In Ref. [8], the authors compared the two-site model and the three-site model and concluded 
that the three-site model can not improve the fit to A^p^. Their arguments are based on the contact 
operator analysis obtained by integrating out heavy gauge bosons, which can be justified only when 
the heavy gauge bosons have narrow widths and have masses above the collider limit. However, one 
can see that the heavy gauge boson G' can be accessible at Tevatron from Fig. |4] and that the width 
can be fairly large, so it is worthwhile to briefly revisit the three site model. 

In this section we will reconsider the three-site model with the gauge group SU{?>)i x SU{?>)2 x 
S'[/(3)3 plus two sigma fields Si and S2, which transform as (3,3) under S'C/(3)i x SU{'i)2 and (3,3) 
under SU{?>)2 x SU{2>)^. For simplicity, we will assume that the gauge couplings of S'f7(3)i and 
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SU{3)3 are identical and are given by hi, with the corresponding coupling of SU{3)2 being h2- We 
will further require that (Si) = (S2), so there exists an ad-hoc Z2 symmetry in the gauge sector via 
the interchange of site "1" and site "3" . Diagonalizing the gauge boson mass matrix, we determine 
the three mass eigenstates to be 

G'- = -?^Gr + c„s«G5'-?^GS, (8) 

a- = Se^CJ+sinOOS + S^GS. (10) 

Here, the mixing angle is defined as tan^ = \/2/i2//ii and the physical region is identified as < ^ < 
90° . The mass ratio of the two massive gauge bosons is determined to be 

^ = J-. (11) 

Mg' cos (9 ^ ^ 

Assigning the quantum numbers to SM quarks: q^, t^, hn to be triplets of S'f/(3)i and (t,b)L, 
qn triplets of S'[/(3)3, we derive the couplings of G'^ to quarks to be (the Z2 symmetry is explicitly 
broken by the quark charge assignments, so that the is unstable) 

5^=5^ = 0, g\ = -g\=^^^ (12) 

and the corresponding couplings of to quarks are 

^*^ = ^'^ = "t^' h\ = -h\ = Q. (13) 

Based on those couplings, we can see that G' behaves as an axigluon (with pure axial-vector couplings) 
and G" as a coloron (with pure vector couplings). 

Including the exchanges of all three gauge bosons in the s-channel, we find the differential produc- 
tion cross section to be given by 

dWF = V + - + + (I - mI)^ + nirl, 



s2 



14 




1000 1500 2000 2500 



Ma (GeV) 

Figure 6: The fit of the simphfied three-site model to the observed A^p^ at CDF. The best fit point 
has /d.o.f. = 4.4/2 at Mqi = 1.3 TeV and = 45°. Regions enclosed by the red dashed lines are 
excluded by the dijet narrow resonance searches. The region to the left side of the solid dark yellow 
line is ruled out by the search for dijet contact interactions. The it production cross section itself does 
not further constrain the relevant parameter space. 

Here, /3 = \/l — -im? is the velocity of the top quark, with m = mtj^fi^ and c = (3 cos 9* with 9* as 
the production angle of t in the center of mass frame of ti system. 

Similar to the minimal two-site model, there are only two parameters in this model: Mqi and 9. 
The corresponding 90% and 95% C.L. contour plot is shown in Fig. [6] One can see from this figure 
that although there exists a large region that is not ruled out by the dijet narrow resonance searches, 
however the search for contact interactions in dijets indeed excludes almost all of the parameter space. 

3.3 A Two-Site Model with a New Vector-like Quark 

All of the previous models were highly constrained by the dijet searches, especially by the search of 
dijet contact interactions. So in this section we consider a model which can relax the dijet constraints 
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without reducing the top quark forward-backward asymmetry. We first notice that only depends 
on the product of (7^ and for the two-site model while the dijet production cross section is only 
sensitive to the coupling (7^. If the relation between (7^ and g\ as in Eq. ([6| of the minimal two-site 
model can be broken such that g'^ can be treated independently from g'^, one then has the freedom 
to relax the dijet constraints. 



Returning to the gauge sector of the two-site model considered in Section 3.1 we now add a new 
vector-like (under SM gauge group) fermion, Vl,-R) which are SU{2)w singlets and have charge 2/3 
under C/(l)y. Under the extended gauge group, we assign qi, qji, t^, bn, Vl to be triplets of S'C/(3)i 
and (i, 6)l, -0/?, to be triplets of 5C/(3)2. In the up-type quark sector, the general 4x4 mass matrix can 
be diagonalized by a bi- unitary transformation acting on the left-handed and right-handed quarks. 
Since the left-handed mixing matrix is more highly constrained by the flavor observables, the right- 
handed mixing matrix has less serious constraints except for the mixing in the first two generations. 
Furthermore, because the first two- generation quarks have the same couplings under the new (flavor- 
changing) gauge boson C, the mixing between the right-handed quarks in the first two-generation is 
suppressed. To simplify our discussion, we assume the mixing matrix for the left-handed quarks to 
be approximately diagonal (we will discuss this assumption further in Section |4| and introduce only 
one new mixing angle in the right-handed quark mixing matrix such that the new vector-like fermion 
only mixes with in the flavor basis. 

The transition from the flavor basis to the mass eigenstate is then parametrized as 

{"^) (/) , ■ ;(/) nc;\ 

Uj^ = cosau^ + smaip^ , (15) 
V'^^ = — sinau^^ + cosaip^J^K (16) 

The couplings of the axigluon G'^ to the various quarks in the mass eigenstate basis are found to be 

(d,s,b,c) _ a Jd,s,b,c) _ „ _ ^ „t ^ 

9v --tan 6^, -U, gy - , g^ 



tan 2(9' sin 26) ' 



sm^ a „ sin^ a 



5y = -tan0 + — -, g^ = - . (17) 

sm 2& sm 2& 

When a = vr/2, the couplings of the up and top quarks become identical to those in the minimal two- 
site model. From the above equation, one can see that the axial-vector couplings of the up and top 
quarks are different and one now has the freedom to increase g^ by reducing 6 and to simultaneously 
decease gyj^ at the same time by choosing sin'^ a smaller than sin 20. The total width of the G'^ in 
this model is then 

, as Mg' [(cos^ a + 10) tan^ 9 + (sin"' a + 1) cot^ 6-2 sin^ a cos^ a] 
^ ^~ 6 2 ■ ^ -* 
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For simplicity, we only introduce one vector-like fermion which mixes solely with the up quark. In 
principle, other vector-like fermions may also be present which mix with the charm and top quarks. 
Such a new quark that mixes with top can be assigned the same quantum numbers as the top, so that 
the G' coupling to the top quark remains unchanged. A new quark that mixes with charm can have 
the same quantum numbers as the new quark that mixes with the up quark. To evade potential flavor 
constraints, one can impose an SU(2) global symmetry, under which (ujijCr) behave as an doublet 
and the two vector- like fermions as another doublet. For this choice, a mixing angle which is identical 



to a appears in the charm sector. The couplings g'^ y will then be different from those in Eq. (17) and 
the width of G' will be modifed; however, the general arguments in this section will be untouched. 

Before we perform a general fit for this model to the Ap^ data, we note that there exists parameter 
space regions where there is no new physics contribution to the dominant tt production process at 
the Tevatron: uu — )• tt, to the leading order in s/Mq,. This can happen when sin a = ^/2sm6 for 
< 6 < vr/4, which leads to gy = 0. Thus the contribution to the production cross section from 
the interference between the QCD gluon and the axigluon vanishes because it is proportional to the 
product gygy. Let's first focus on this part of parameter space. The gauge couplings are then 

(d,s,b,c) u I. o id,s,b,c) u n t ^ t ^ ^mA 

9v =9A = -t^ne, g^ = gy = , 5v = ^ , = ^ • ^^^^ 



The width is then simply 



r(G') = (lltan^g + cot^g) ^ 

6 2 



The results of the fit are shown in Fig. [7j where the red dotdashed line is the constraint from the 
current dijet narrow resonance searches at CMS with 2.9 fb~^, while the red dotted line is the projected 
exclusion limit for 1 fb^^ at the LHC. The region above the dark yellow solid line is excluded by the 
search of dijet contact interactions from ATLAS with 3.1 pb~^. Although there is no modification 
of the tt production cross section from the QCD and G' interference term, the ti production cross 
section is modified by the new-physics-only contribution and has the relative contribution with respect 
to the SM leading-order production cross section shown by the black dashed lines. From this figure, we 
conclude that in the two-site plus one vector-like fermion model there exist a small region of parameter 
space which is allowed by all of the constraints. As an example, we show the fit results of Ap^ in 
Table [3] for Mq' = 1.1 TeV and 6* = 30°. 

From the contours of Fig. [7j one can see that for a small mixing angle the best-fit region is 
insensitive to its exact value. This is easily understood since the product of the axial- vector couplings 
9a9a ~ — l/(2cos^^) is insensitive to for small 6. In this figure, we also show two horizontal, 



17 



40 



30 



20 




Dijet Reson.@2.9 pb 



Dijet Reson.@l fb 
Dijet Cont.<s3Ap& 
(T, ; ratio 



rs^ (J ^^^^^^^ 



r = 0.2M 



r = M 



500 



1000 1500 

Mg^ (GeV) 



2000 



Figure 7: The fit for the model with one axigluon plus one additional vector-like fermion (Section 
3^) to the observed at CDF. The best fit point has x^/d.o.f. = 5.3/2 at Mc = 1.05 TeV 

and 6 = 45°. The region above the red dot-dashed line is excluded at 95% C.L. by the dijet narrow 
resonance search, while the region above the dark yellow solid line is also excluded at 95% C.L. by 
the search of dijet contact operator interactions. The projected exclusion limit from the dijet narrow 
resonance search at the 7 TeV LHC with 1 fb~^ is shown by the red dotted line. The black dashed 
lines designate the regions (above and to the left) where the given percentage of the tt production 
cross section for m^j > 450 GeV arises from new physics. 



dotted black lines with different width/mass ratios to show that in the best-fit region G' is a narrow 
resonance. One can see that a large fraction of the parameter space will be covered with increasing 
luminosity at the LHC. 

For more general values of a, we show the contour regions in Fig. [8] for a = 45° and a = 30°, 
respectively. Li those two figures, the QCD and G' interference term also contributes to the tt produc- 
tion cross section, so the parameter space is highly constrained by tt resonance searches. Comparing 
the two plots in Fig. [sj we can see that for a smaller a a lighter G' is preferred by the fit to Ap^ 
because the product (7^(7^ is reduced. As a result, the parameter space for a smaller a leads to a 
larger tt production cross section and is thus less favored. For a = 30°, the best fit is x/'^-O-f- = 2.6/2 
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Selection 


Mti < 450 GeV 


Mti > 450 GeV 


Parton Level Exp. Data 


-0.116 ±0.146 ±0.047 


0.475 ±0.101 ±0.049 


Model Prediction 


0.06 


0.21 


Selection 


|Ay| < 1.0 


|Ay| > 1.0 


Parton Level Exp. Data 


0.026 ±0.104 ±0.056 


0.611 ±0.210 ±0.147 


Model Prediction 


0.08 


0.27 



Table 3: The comparison of theoretic predictions and measured values for the two-site model with a 
new vector-like fermion. The G' mass is 1.1 TeV and the mixing angle is 30°. The total \^ /d.o.f is 
8.3/2. 

at Mq, = 824 GeV and 6 = 29°. For this point, we obtain = (0.14,0.53) for the two different 
rapidity bins and (0.06, 0.42) for the two bins in invariant masses. 

4 Flavor Constraints 

To reproduce the measured ti forward-backward asymmetry, the coupling of G' to the top quark is 
forced to have the opposite sign as the coupling of G' to the u and d quarks. This necessitates flavor 
violation at some level, because it means that the G' coupling cannot be proportional to the identity 
matrix in flavor space. Here, we compute the size of these flavor effects. 

In order to determine the tree-level contributions of a heavy spin-1 octet, G', to FCNC processes, 
we must first recall how they arise in a general theory [20]. Let 1)°^ = {d,s,hf and C/°'^ = (u,c,t)° 
represent the three SM generations of Q = —1/3 and Q = 2/3 quarks in the weak eigenstate basis, 
respectively. Spontaneous symmetry breaking via the Higgs Yukawa couplings then generates a mass 
matrix for these fields in the form D^M'^Dp^ + h.c. (and similarly for the up-type quarks). In order to 
diagonalize this matrix, M'^, one needs to introduce the bi-unitary transformations -Dl,/? = Uj^j^D^ ^ 
so that U£ M'^U^^ = where is the Q = —1/3 diagonal mass matrix in the mass eigenstate 
basis. Note that if M'^ is Hermitian, we are then free to choose = = U^. Note further that 
in this notation the conventional CKM matrix is given by a product of LH-rotations for the up-type 
and down-type quarks: Vckm = Uj^U^^ and that, in the SM, the RH-rotations play no role. 

In what follows we will first compute the contribution of G' to Bq-Bq mixing (with q = d,s), 
noting that the analysis for D-D mixing is identical with the substitutions b ^ c and q ^ u. It is 
conceptually important to consider both types of mesons, because constraints from either alone might 
be evaded by pushing all the quark mixings into either the up or down- type sectors. We will also 
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Figu re 8 : Left panel: the fit of the model with one axigluon plus one additional vector-like fermion 
(sec. Esl to the observed A*/^ at CDF with a = 45°. The best fit point has x^/d.o.f. = 4.4/2 at 



Mqi = 849 GeV and 6 = 42° . The region to the left of the red dotdashed line is excluded by the 
current dijet narrow resonance searches with luminosity 2.9 pb~^. The region above the dark yellow 
solid line is excluded by the search for dijet contact interactions. Right panel: same as the left one 
but now for a = 30°. The best fit point has a x^/d.o.f. = 2.6/2 lying at Mq' = 824 GeV and 9 = 29°. 



compute the constraints from K-K mixing via a direct matching to the operator coefficient limits 
given by the UTfit collaboration . We use a different analysis for K-K because the strange quark 
is not heavy. 

The interactions of the field G' with the Q = —1/3 fermions in the weak interaction basis are 

C = -g^DlA^erDl G'^ + {L ^ R) , (21) 

where t"" are the color generators and the matrices ^l(_r) = diag[ai,a2-,a^)L(R) are the explicit cou- 
plings in this basis. Note that the A matrices are bi-fundamentals under SU{3) flavor symmetries, 
and as such, they are a new source of flavor violation. Rotating to the mass eigenstate basis, we have 
new couplings that take the explicit form 

^L,kj ~ {Ui)kmO-LmSmi{Uj^ , (22) 

and similarly for L ^ R. Here, we are speciflcally interested in the case of off-diagonal couplings, k ^ j 
with (ai = 02/ o-3)l{r) as we are assuming that the flrst two generations have identical couplings. 
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Since by unitarity {U^)ki{U^^)ij = 5kj, and similarly for the right-handed and up-type sectors, we 
find the off-diagonal couplings to be given by 



r<D 

^L,kj 



(23) 



and similarly for L ^ R. Of course, all of this naturally repeats itself in the (5 = 2/3 sector, with 



Now consider the FCNC contributions from G' to Bq-Bq mixing; the effective Lagrangian is 

Cyc^c = -gsbe^^{CE,3gPL + Ci^3gPR)<lG'J' + h.c. . (24) 

To obtain our results we follow the discussion as given in Section 4.2 of Ref. [35] which contains 
a very similar set-up. The procedure is, essentially, as follows: (i) draw the contributing diagrams 
arising from £fcnc and integrate G' out. (ii) Contract the color structure and Fierz transform the 
product of the two currents to express the resulting expression in terms of a known basis of 4-fermion 
operators [36j. (iii) Compute the renormalization group running of these operators down to the scale 
of the meson masses, and compute the appropriate matrix elements. Following Ref. [35], the effective 
Hamiltonian is given by 

27rao 



T-iAB=2 

with the operators 



3M2, 



(Cz^Sg)^QlL + {C^,3qfQlR " C'f^ggCjj " ^ CL,3qCR,3qQ3 



QlL,R = {qL,RlijhL,R){qL,Rl^bL,R) , 

Q2 = {qLiiJ.bL){qRiiJ.hR) , 

Q3 = [qLhRjiqRhL) ■ 



(25) 



(26) 
(27) 
(28) 



This Hamiltonian describes B, D, and K meson mixing with appropriate replacements. 

To proceed in the case of B-B mixing, we compute the matrix elements of 'Hab=2 and compare to 
bounds from the UTfit Collaboration j34j . We present the results in terms of the matrix element of the 
LL operator Qil, which we write as ri{Qii), where ri ~ 0.77 and accounts for the renormalization 
group running of Qn from the TeV scale to the b quark mass, as is appropriate for B-B mixing 
(ri ~ 0.70 for D-D mixing and accounts for the additional RG evolution to the charm quark mass). 
The matrix elements of the other operators differ by factors that we write as R2,3-, which account for 
their RG running, so in total we find 



{B\nAB=2\B) 



2'Kas 
3M2 



3q) 



+ iCE,3q? 



*^L,Sg'-^i?,Sg-"2 



6 CF,3qCR^3qR3 



(29) 
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with i?2,3 given by the expressions in [36] such that (taking = 3) 

Numericahy we obtain R2 ~ —1.7 and ~ 4.8. The bound on Mqi is then obtained by comparing 
to the cutoff hmit from UTfit 



\i.^L,1,qf' + (Ck.Sc/)^ ~ 27Cf^3qC£3^| < , (31) 

G' B 

with = 210 (30) TeV for (Bs) mixing. This also allows a direct comparison to the analysis of 
Ref. with which we disagree. Numerically this reduces, in the case of B^ mixing, to 

Mg' > (100 TeV) \{CE,sif + {CR^sif " ^7 CE,s^CE,si\'^' . (32) 
An identical analysis applied to the up-type sector for D-D mixing gives 



|(^L,2l)^ + (^K,2l)^ ~ 60 C£2lC'i?,2l| ' ^^"^^ 

and numerically with Ad = 1.2 x 10'^ TeV [3l] we find 

Mg> > (600 TeV) \{CY,,,f + (C^^^if " eOCl,,C^^,,\'^' . (34) 

In the case of K-K mixing we will directly compare the coefficients of these operators to the UTfit 
bounds [HI]- From Qil,r we find that 

Mg' > (500 TeV) \iCE,2if + (^^£21)^^' , (35) 

and from Q3 

Mg' > (5000 TeV) \CE,2iCE,2i\'^\ (36) 

These limits derive from the real part of the K-K mixing; the imaginary part gives limits that are 
stronger by a factor of 15. 

We cannot proceed without making model-dependent assumptions, so in particular, we cannot set 
a firm exclusion limit. To give a reasonable picture of the situation, we will consider two very simple 
model assumptions, where (a) the quark mass matrices are Hermitian so that UE = = and 
UE = = and (/?) where the right handed f/jj = = I3. Furthermore, for convenience we 
assume that all three generations have identical vector couplings to G', while the first two generations 
and the third have distinct axial couplings. 
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Lower bound on Mq' in TeV 




(«) 




Kaon System 


5000 X \UgUl^3*\ 


500 x\UiUg*\ 


B Mixing 


500x\UiUg*\ 


100 x\UgUg*\ 


D Mixing 


4500 X \UgUg*\ 


600 x\U^^U^^*\ 



Table 4: The constraints on the axigluon mass and mixing matrices from meson mixing for the two 
model choices discussed in the text. The common multiplicative factor \gl^ — gW is not included in 
the table. The Kaon limit would be a factor of 15 stronger in the presence of 0(1) phases. 

For the choice (a) we obtain (with the couplings defined in units of gs) 

Clu = -Cl,i = {g\-g\)ugu^^* and C^^i = -C^^i = {g\ - g\)ugu^^* , (37) 

note that because G' couples universally to the first two generations, to induce an FCNC we must 
couple through the third generation. The numerical bounds are listed in the second column of Table |4] 
Alternatively, for the choice (/3) we have 

CL'^, = i9\-g\)U]^fu'^f* and = -^K,,, = , (38) 

and so we avoid the large RG enhancement, giving the weaker constraints listed in the third column 
of Table H 

Although our models determine the coupling g^J^ , without an accompanying model of flavor we 
cannot determine what values the matrix elements of U take. All that we know are the elements of 
the CKM matrix, Vckm = U^U^K In the general case all elements of the matrices U^'^ could enter 
the observables, so we can no longer operate in a basis where, e.g., one of the original mass matrices 
is diagonal. If we assume (without any particular justification) that |C^33C^]'^*| = iV^^Vftl ~ 8.4 • 10"'^ 
and \UguP^*\ = \ VtlVtd\ ^3.5- 10"^ [37] then we find that > 5|g^ - TeV for the choice (a), 
and Mq' > 0.8|5^ ~ 9a\ TeV for choice (/3). Here we have assumed that all complex phases are small; 
if we assume 0(1) phases then these constraints become about a factor of three stronger. Note that 
in the extreme limit that = = I3 and = I3 while Vckm = Uj^, Mc and gA are completely 
unconstrained by considerations of flavor in the down sector. Then the only constraint comes from 
D-D mixing, and we have \U^^ U^s*] = \Vf*Vtd\ ^ 3.5 • lO""^, giving Mc > 1.6|5^ - g\\ TeV for (a), 
and Mg' > 20015^ — g'^\ GeV for choice (/3). The latter constraint is trivially satisfied by all of our 
models. 
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To summarize: there are no model independent flavor constraints; generic axigluon models have 
significant tension with flavor, but there are plausible flavor scenarios where this tension disappears. 

5 Signatures at the LHC and Tevatron 

The axigluon explanation of the observed tt forward-backward asymmetry can be tested at the LHC 
in either the dijet or the tt final state. Almost all of the Ap^ preferred parameter space in the above 
models will be explored with 1 fb^^ of data at the 7 or 8 TeV LHC. 

5.1 Dijet Resonances 

By rescaling the results of the CMS dijet narrow resonance search |28j performed with 2.9 pb~^, we 
can determine how much luminosity will be needed to discover a given model. For instance, for the 
model with one axigluon and one vectorlike fermion presented above with Mq' = 1.1 TeV and a 
mixing angle of 9 = 30°, the dijet production cross section is suppressed by 1/5 relative to a standard 
"coloron" model [H], so naively we expect that about 35 pb~^ will be sufficient to exclude this model 
point at 95% C.L. On the other hand, with a luminosity ~ 250 pb^^ the axigluon with this set 
of parameters will be discovered at the 7 TeV LHC. The projected exclusion limits with 1 fb^^ of 
luminosity is presented in Fig. [7j We see that if it exists, a new axigluon resonance that can explain 
the tt forward-backward asymmetry should be discovered sometime this year! 

For an axigluon described by the phenomenological model presented in Fig. [3j its width should 
be greater than 20% of its mass and it will appear as a wide resonance. The dijet narrow resonance 
searches will likely no longer be applicable. One could then employ an analysis similar to the quark 
contact interaction searches [30] using the dijet rapidity difference to distinguish the signal events from 
the background. For Mq' = 2 TeV, (7^ = 1.5, 5^ = —2 and gy = 0, one can exclude this axigluon at 
95% C.L. with ~ 44 pb'^ of data assuming a 5% systematic error on the SM backgrounds following 
the analysis presented in pO]. However, in order to obtain a 5cr discovery, one needs to modify the 
strategy appearing in [30] by choosing appropriate invariant mass bins and comparing the signal and 
background shapes in order to reduce this systematic error. We encourage the ATLAS and CMS 
collaborations to adapt their dijet searches in order to cover all the parameter space of the above 
phenomenological model. 

5.2 Top- Anti-Top Resonances 

As discussed above, the ti mass distribution is quite sensitive to the presence of a new color-octet 
vector boson. The large tt cross section [38] coupled with the increased mass reach make the LHC 
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Figure 9: The M^j distribution from the axigluon contribution plus the SM background at leading 
order. The red line is for the model with one axigluon and one vectorlike fermion described above 
with Mqi = 1100 GeV and 9 = 30°. The green(blue) line is for the phenomenological axigluon model 
with Mg' = 1(2) TeV, 5^ = 1.5, c/^ = -2 and gv = 0. The black line represents the SM. 

an ideal environment for such resonance searches. Here, we explore the reach of the LHC in this 
observable for some Ap^-preferred and viable parameter points of the above axigluon models. 

The new axigluon, which does not couple to two gluons, is exchanged only in s-channel qq an- 
nihilation and so does not interfere with the gluon fusion contribution. The signature is striking as 
shown in Fig. [oj Here, the red line displays the tt invariant mass distribution at the 8 TeV LHC for 
the model with one axigluon and one vectorlike fermion discussed above, taking AIq/ = 1100 GeV 
and 9 = 30°, while the black curve represents the SM. With 1 fb^^ luminosity, it is clear that one 
can easily find this new resonance on top of the SM background. The green (blue) line shows the 
contributions arising from the SM plus the phenomenological axigluon model with Mqi = 1(2) TeV, 
5^ = 1.5, 5^ = —2 and gy = 0. Since T/M ~ 28%, no obvious bump appears in the distribution and 
one needs to employ a contact interaction search in tt final states. 

We next estimate the sensitivity of the 8 TeV LHC to the presence of these new states. We 
model our analysis after the strategy detailed by the ATLAS Collaboration for generic tt resonance 
searches |39j |40| . including a new color octet boson from technicolor models. We only consider the 
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semi-leptonic top-quark decays into muons and electrons (see Ref. [H] |42j |43j for detailed studies with 
the 14 TeV LHC). Other channels, such as the dilepton channel |44j can also be used to improve the 
discovery sensitivity. The ATLAS studies find that the main source of background for tt resonances 
originates from SM top pair production, while reducible backgrounds such as Vl^+jets are negligible 
for resonance searches. The resulting dominant background arises from combinatorics. We employ 
the M^j reconstruction efficiency presented in |39j |4Uj . which is at the level of a few percent and 
drops significantly for increasing M^j. We note that new techniques have recently been developed 
that reconstruct top-quarks produced with large enough transverse momentum such that their decay 
products can be tagged as a single jet [E] [36] [37] [l8] ; however employing these methods is beyond the 
scope of our simple analysis here. We estimate the combined uncertainties in the NLO tt cross section 
and the parton distribution functions at high invariant masses to be of order 50% |49j [50j . 

Requiring S/^/B > 5 as a discovery criteria, and including both statistical and 50% systematic 
theoretical errors, we find that for the model with one axigluon and one vectorlike fermion and taking 
9 = 30°, the axigluon can be discovered up to 1.7 TeV at the 8 TeV LHC with 1 fb^^. As the parameter 
9 is varied, we find that the axigluon cannot be observed at the level of S/^/B > 5 for 9 < 13°. For 
9 > 13°, the axigluon search reach is in the range 1100 — 1700 GeV as 9 increases in value. Thus, the 
A^^-preferred region in Fig. [Tjwith a narrow axigluon or at large 9 will be probed by the early LHC 
data. For the phenomenological axigluon model with a large axigluon width presented in Fig. [3j a 
narrow resonance search is no longer applicable and a contact interaction analysis with tt final states 
must be performed. However, it is clear from Fig. [9] large luminosities or an increase in center-of-mass 
energy will be required to observe a ~ 2 TeV axigluon in the tt channel for this scenario. For such 
heavy states, their contribution to M^f is of order the NLO and PDF uncertainties. 

5.3 Production in Association with a Weak Gauge Boson 

Another signature for axigluons at the LHC is to study G' production together with a weak gauge 
boson. For the production of pp ^ G' + W^, the final state is 2j + £ +^t, which has a smaller 
background than the dijet resonance channel and thus may have a better discovery reach at the LHC. 
The partonic production cross section in leading order QCD is calculated to be |33j 
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Convoluting this partonic cross section with the MSTW [51j PDFs, we have the production cross 



sections at the LHC shown in Fig. 10 The production cross section of G' + W~ is smaller than 
G' + and is not shown in this figure. The major background comes from plus jets from QCD 
and the discovery limit requires a detailed analysis, which is beyond the scope of this paper. 

5.4 Bottom Quark Forward-Backward Asymmetry 

An anomalously large forward-backward asymmetry in ti suggests the possibility of a similar asym- 
metry in hh. Models that preserve a custodial SU{2)fi symmetry give rise to asymmetries of roughly 
equal magnitude in tt and bb, so a measurement of the forward-backward asymmetry in b quarks would 
provide further insight into the nature of possible new physics contributions [5] . 

Let us explore the feasibility of a bb asymmetry measurement using the top quark data as a guide. 
Since the tt asymmetry was only significant for M^j > 450 GeV and Ay > 1, it is natural to assume 
that an asymmetry in b quarks will be most visible in an analogous region. Furthermore, in order 
to tag the sign of a 6 quark, the B meson must decay to a visible electron or a muon. At CDF this 
requires \y\ < 1 for any tagged 6-jet, and in any case 6-tagging itself quickly loses efficiency outside of 
this central region |52j |^ To estimate the number of events available for a bb asymmetry measurement 



^The fe-tagging efficiency at DO gradually decreases for |y| > 1 as can be seen from Fig. 28 of Ref. [53.- Therefore, 
DO may have a better sensitivity for the 6-quark forward backward asymmetry. 
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with these rapidity and invariant mass constraints, we integrated MSTW PDFs |51j using the leading 
order QCD cross section, resulting in a cross section times acceptance of 0.3 pb for M^^ > 450 GeV. 
So with a full data set of 10 fb~^, there would be about 3000 bb events to work with. However, it 
is possible that the tt asymmetry was dominated by the region Ay > 1 in part because for smaller 
Ay the top decay makes it difficult to resolve the initial direction of the tt system. Since we would 
not have this difficulty with the bb system, we might be less conservative and only assume \y\ < 1, in 
which case the cross section times acceptance rises to 1.0 pb, giving about 10^ bb events. 

Now we face more difficult questions - how accurately can we tag and measure the sign of one or 
both b quarks, and what is the optimal procedure? A dedicated analysis will be necessary to answer 
these questions, so here we will limit ourselves to pointing out some of the issues and making some 
very preliminary estimates. 

In an ideal world, it would be sufficient to simply find and measure the sign of a lepton inside 
of 6-jets in dijet events. In the real world, this is complicated by the probability of semi-leptonic 
b decays, the efficiency and mis-tagging rate of 6-tagging, B^-B^ mixing, and by the possibility of 
leptons from charm decays inside of 6-jets (resulting in mis-measurements of the sign of the b quark). 
These confounding factors might or might not make it worthwhile to require a 6-tag for both jets, or 
perhaps to attempt to measure the sign of both jets in order to veto like-sign events. Let us consider 
these effects in turn. The probability of a semi-leptonic (electron or muon) 6-decay is about 0.2, 
and presumably this will be correlated with the 6-tagging efficiency. The 6-tagging efficiency at CDF 
peaks at px ~ 60 GeV and then slowly drops off at high px, falling to about 0.3 at 200 GeV [54 1. A 
given 6-quark will hadronize into a B^ meson about 40% of the time, and into a Bg meson about 11% 
of the time; other hadronization products do not mix with their anti-particles. So in total, a given 
high-energy 6-quark will have a probability of about 0.13 to mix into a B meson before it decays, and 
this effect will dilute our sample. Many analyses address the issue of separating the decays of D and 
K mesons from B decays for the purpose of studying these mesons. It should be possible to separate 
the leptons from B decays from the leptons from charm decays for the purpose 6-quark signing at high 
energies using a cut on the lepton's momentum transverse to the jet (see Fig. 22 of Ref. [53j for 
the muon pT distributions from 6-quark and c-quark). Several studies, such as [55l [56], address the 
separation of charm and bottom mesons. 

In the most optimistic scenario, it would be feasible to require only one 6-tag. Then one would look 
for a lepton in either jet and tag its sign; the most optimistic probability for finding a lepton would 
be ~ 30%. The presence of this lepton should help to further reject non-5 dijet events. If we make the 
conservative assumption that 6-tagging is independent of lepton-finding, then the overall acceptance 
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of the tagging procedure will be about 10% . With the requirement that M;,^ > 450 GeV, \y\ < 1 for 
both jets, and Ay > 1 we would be working with about 300 events. If these events have the same 
parton-level asymmetry as was observed for top quarks, namely A^p^ 0.45, then after convolving 
with the inevitable B^-B^ mixing, we could expect about 200 events with a positive asymmetry and 
100 events with a negative asymmetry. Relaxing the Ay requirement would increase the total number 
of events by a factor of 3, but it would dilute the asymmetry by an unknown amount. The largest 
and perhaps the most challenging unknown is the probability of fake wrong-sign leptons from charm 
decays inside of 6-jets. Even if a study with M^^ > 450 GeV proves very challenging, it is natural to 
hope that a study of lower energy hh events will be feasible, because the total cross section would be 
far larger and the 6-tagging efficiency somewhat greater. 

Requiring two 6-tags would increase the purity of the sample, but it might be even more useful to 
require two leptons. At best this procedure accepts only 4% of bb events, but it makes it possible to 
measure the sign of both 6-jcts and reject like-sign events, reducing the impurities from leptons from 
charm decays and from B^-B^ mixing. In the tt study it was possible to consider events with two b 
tags as a cross check, so it is not unreasonable to think that a similar study will be possible in bb. 

A detailed experimental analysis will be necessary to settle these issues, but we are optimistic 
that CDF and DO could measure the forward-backward asymmetry in hb. Such a study would give us 
valuable insight into the nature of the ti asymmetry, and a positive result would greatly bolster the 
case for new physics. 

6 Discussion and conclusions 

In this paper we have performed a general study of color octet vector boson exchange as a possible 
source of the large top quark forward-backward asymmetry, A^p^ , observed by CDF at high ti invariant 
masses. To set the tone for our subsequent discussions we first considered an effective field theory 
with only one new field, G', and examined the couplings that such a field would need in order to 
explain A^p^ while avoiding other experimental constraints arising from (i) the tt total cross section 
as well as ti resonance searches at large M^^ at the Tevatron and, correspondingly, {ii) dijet resonance 
and contact interaction searches at the LHC. Given the large parameter freedom, we found that for 
a suitable choice of G' couplings all of these requirements can be simultaneously satisfied and would 
most likely lead to a rather wide state {T/M > 0.2) with a mass in excess of 2± 1.5 TeV. A state with 
such properties would very likely be found by various LHC searches performed during the coming 
year. 

Problems arise, however, when we try to construct a detailed model. An obvious first choice 
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would be a two-site coset model based on SU{3)i x SU{3)2/SU{3)c- This scenario has only two free 
parameters, and while it was found to produce a large value for A^p^ with the correct sign, the values 
required for the light quark couplings were necessarily large enough to produce a significant signal for 
dijet contact interactions at the LHC, beyond that allowed by current CMS constraints. This model is, 
then, highly disfavored. We considered three-site generalizations, but they did not fare much better. 

Both the two and three site models necessarily coupled the axigluon(s) with equal strength to the 
top and light quarks. Since we require a large coupling to the top quark to produce a large Ap^, 
these models necessarily led to large dijet contact interactions. Clearly, one needs to construct a 
model where the axigluon couplings to the top-quark can be large while maintaining small couplings 
to the light quarks; one way to do this was to return to the original two-site model and introduce a 
new Q = 2/3 vector- like fermion which mixes with the RH u-quark, introducing an additional free 
parameter. In this case we found that there were significant regions of parameter space that satisfied 
all of the experimental requirements with a rather light G' mass ~ 1 TcV. The LHC is capable of 
probing all of this parameter space during the coming year. Furthermore, if the new vector-like fermion 
has a mass of 1- 2 TeV, its pair-production and subsequent decay to n -|- G'^*^ u + tt,u + uu, with 
the G' being either on- or off-shell, could be visible at the LHC. 

Since in all of these scenarios the third generation fermion couplings to the new color octet vector 
states differed from those of the first two, FCNCs could become problematic when one rotates to the 
mass eigenstate basis. We derived the general form for the constraints that arise from mixing in the 
Kaon, D and Bg meson sectors. These are made somewhat more complicated by the generic existence 
of both left- and right-handed FC interactions, necessitating a full operator analysis. However, it 
is impossible to numerically evaluate these FCNC contributions in a completely model-independent 
fashion since there are, in general, four distinct unitary matrices which are necessary to rotate the 
(5 = 2/3 and —1/3 fermions from the weak to the mass eigenstate basis and only the experimental 
values of the CKM matrix (for LH charged currents) act as direct constraints. To perform this 
evaluation in a unique way requires that any model under consideration also provides a theory of 
flavor (which ours do not). If we assume that the left-handed and right-handed mixing matrices are 
identical, we found that all the Ap^ preferred regions for the models considered here are excluded. 
However, if the two right-handed mixing matrices are trivial, many axigluon models survive the flavor 
constraints. 

Since II and 6^, lie in a single doublet and any model with an SU{2)ji custodial symmetry relates 
in and 6r couplings, it is natural to ask if the asymmetry observed in the tt system might also 
manifest itself in the bb final state at large invariant masses at the Tevatron or the LHC. Given the 
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level of statistics and the issues associated with 6-tagging and signing plus possible dilutions arising 
from mixing and charm contamination it is not possible for us to easily evaluate how feasible such 
measurements might be. We encourage the collider collaborations to consider this possibility, especially 
if the large values of A^p^ are confirmed by future measurements. Clearly this would provide us with 
valuable information on the physics behind this asymmetry. 

We have constructed models of color octet vector bosons that explain the large value of A^p^ while 
remaining consistent with collider and flavor constraints, but it should be clear from the discussion 
above that they are not particularly elegant. All of these models necessarily entail dijet or ti signatures 
that will be testable in the coming year at the LHC. An immediate experimental prospect is worth a 
thousand models. 
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